The sex comb on the forelegs of Drosophila males is a secondary sexual trait, and the number of teeth on these combs varies greatly within and between species. To understand the relationship between the intra-and interspecific variation, we performed quantitative trait locus (QTL) analyses of the intraspecific variation in sex-comb tooth number. We used five mapping populations derived from two inbred Drosophila simulans strains that were divergent in the number of sex-comb teeth. Although no QTLs were detected on the X chromosome, we identified four QTLs on the second chromosome and three QTLs on the third chromosome. While identification and estimated effects of the second-chromosome QTLs depend on genetic backgrounds, significant and consistent effects of the two third-chromosome QTLs were found in two genetic backgrounds. There were significant epistatic interactions between a second-chromosome QTL and a third-chromosome QTL, as well as between two second-chromosome QTLs. The third-chromosome QTLs are concordant with the locations of the QTLs responsible for the previously observed differences in sex-comb tooth number between D. simulans and D. mauritiana.
Introduction
The maintenance and significance of intraspecific variation are two major unsolved issues in studies of phenotypic evolution. One hypothesis is that most variants contributing to quantitative phenotypic variation are deleterious and are quickly removed from a population by natural selection. Intraspecific variation rarely contributes to interspecific divergence, and therefore it may require some additional mechanisms. One such mechanism is a population bottleneck, which may cause breakdowns of balanced genetic systems and allow genetic revolution (e.g., Mayr, 1954 ; Carson, 1975; Templeton, 1980) . According to this view, phenotypic evolution is irregular and a small number of genes with large and epistatic effects are assumed to be involved in speciation and interspecific divergence. Alternatively, intraspecific variants may be neutral or maintained by balancing selection and serve as a potential for future evolutionary response. In this scenario, intraspecific variants may be fixed in a population by random genetic drift or selection, and interspecific divergence is viewed as the accumulation of such fixations. As a result, a relatively large number of genes with small effects are expected to be involved in interspecific divergence.
Comparisons of the genetic architectures of intraspecific variation and interspecific divergence for the same character will lead to a better understanding of the evolutionary process. We are now able to genetically dissect trait variation with increased resolution due to the availability of dense molecular markers and the development of quantitative trait locus (QTL) mapping methods (e.g., Lander & Botstein, 1989 ; Zeng, 1994) . These genetic approaches naturally focus on closely related species pairs for the following two reasons : (i) requirement of cross-fertility and (ii) resolution of individual evolutionary changes. The relevance of the latter lies in the fact that the longer the divergence time of the two species studied, the more mutations they would have accumulated. We have a better chance of identifying the causative gene from a small number of such genes if we focus on closely related species pairs. In this regard, special attention is paid to rapidly evolving characters, such as sexually dimorphic characters under sexual selection. Kopp et al. (2000) studied the sexually dimorphic abdominal pigmentation pattern in Drosophila and found that expression of the bric-a-brac (bab) gene was a key element for the evolution of sexually dimorphic pigmentation pattern. This bab gene is also a putative candidate gene responsible for the variation in female abdominal pigmentation within D. melanogaster (Kopp et al., 2003) . In this case, both intra-and interspecific variation may be governed by the same gene (Kopp et al., 2000) .
A good example of a rapidly evolving secondary sexual trait is the male sex comb of Drosophila melanogaster. The sex comb, a specific row of enlarged bristles on the foreleg of males, is a recently derived trait that is found almost exclusively in the melanogaster and obscura species groups in the subgenus Sophophora. Its structure varies greatly among species with respect to the numbers of sex combs and their teeth, and orientation of the sex comb (Kopp & True, 2002; Schawaroch, 2002) . For instance, whereas D. melanogaster and its relatives in the melanogaster species subgroup have a sex comb only on the first tarsal segment of the foreleg, most species of the montium subgroup have one sex comb on each of the first and second tarsal segments. In contrast, D. lucipennis in the suzukii species subgroup lacks the sex comb entirely.
Behavioural studies suggest that in some species the sex comb plays an important role in mating success (Spieth, 1952 ; Cook, 1977 ; Coyne, 1985) . The number of teeth in the sex combs in D. mauritiana is significantly greater than in D. simulans (13 . 9 vs 10 . 3 per foreleg in True et al., 1997) , and surgical removal of the foreleg tarsi (including sex combs) reduces the frequency of copulatory success to a larger degree in D. mauritiana than in D. simulans (Coyne, 1985) .
A small number of studies have examined the genetic basis for the variation in sex-comb tooth number, especially in D. melanogaster and its sister species from the simulans clade of the melanogaster species complex : D. simulans, D. mauritiana and D. sechellia (Coyne, 1985; True et al., 1997 ; Macdonald & Goldstein, 1999 ; Nuzhdin & Reiwitch, 2000 ; Kopp et al., 2003) . True et al. (1997) studied differences in sex-comb tooth number between D. simulans and D. mauritiana, and identified two QTLs responsible for the interspecific differences on the third chromosome. In the same backcross design, Macdonald & Goldstein (1999) found one X-chromosome and three second-chromosome QTLs responsible for the differences in tooth number between D. simulans and D. sechellia. No evidence for shared QTLs was observed in these two studies. Based on the results of True et al. (1997) , Nuzhdin & Reiwitch (2000) undertook a QTL analysis using recombinant inbred strains between two D. melanogaster strains with different sex-comb tooth numbers to test whether the same genes were responsible for intra-and interspecific variation. Despite a small difference in the mean number of teeth on the sex combs between the two strains (9 . 1 vs 10 . 5 teeth per foreleg), Nuzhdin & Reiwitch (2000) identified two QTLs on the X chromosome. More recently, Kopp et al. (2003) used a panel of recombinant inbred lines of D. melanogaster to identify a new third-chromosome QTL. Except for several weak and suggestive QTLs, the positions of these QTLs responsible for the within-melanogaster variation differed from those of the interspecific differences. These analyses, however, suffer from the fact that the comparisons have not involved a common species. The intraspecific variation was genetically studied within the context of D. melanogaster (Nuzhdin & Reiwitch, 2000; Kopp et al., 2003) , while the interspecific differences in the number of sex-comb teeth were studied in the sister clade of D. simulans, D. mauritiana and D. sechellia (True et al., 1997; Macdonald & Goldstein, 1999) . Therefore, an analysis of within-simulans variation should provide valuable data for comparisons with the interspecific variation.
Here we present the results of our QTL analyses for the variation in sex-comb tooth number between two D. simulans strains. We performed QTL mapping on a whole-genome F 2 and four specialized populations: two second-chromosome and two third-chromosome mapping populations in homozygous backgrounds. Background homogeneity should reduce genetic complexity and thus increase the power for detecting QTLs (e.g., Shrimpton & Robertson, 1988 ; Long et al., 1995) . What is important is that this study allows an independent and phylogenetically closer comparison of the genetic architectures of intra-and interspecific variations in this character. Coyne (1985) reported low intraspecific variation for tooth number for five D. melanogaster strains (9 . 5-10 . 7 per foreleg) and six D. simulans strains (9 . 9-10 . 5 per foreleg) ; however, we observed considerable variation among D. simulans strains. The two parental strains used in the present study had significantly different numbers of sex-comb teeth (18 . 5 vs 24 . 7 per individual). The strain difference divided by the square root of the variance within strains (strain difference in environmental standard deviation units) was 4 . 3, which was even larger than those in the interspecific comparisons for this character (3 . 5 in the D. simulans -D. mauritiana comparison in True et al., 1997 ; 3 . 1 in the D. simulans -D. sechellia comparison in Macdonald & Goldstein, 1999) . All else being equal, the large difference should provide similar analytical power to that of the interspecific comparisons. In this study, we analysed 27 markers for approximately 200 flies in each mapping population. These numbers are also comparable to those in True et al. (1997) and Macdonald & Goldstein (1999) (18 and 38 markers respectively, for about 200 flies in each of two backcross analyses). True et al. (1997) and Macdonald & Goldstein (1999) both used backcross designs ; in contrast, we used inter-cross designs of F 1 progeny. In this study, we found a significant dominance-by-dominance interaction effect between QTLs on different chromosomes. In a backcross design, dominance effects and additive-by-dominance and dominance-by-dominance interaction effects cannot be tested, because there are only two genotypes at each locus. In addition to the whole-genome intercross F 2 analysis, we studied the second-chromosome effects in two isogenic backgrounds of the strains with high and low sex-comb tooth number; a backcross design cannot produce recombinant homozygotes (e.g., homozygote for a high strain allele in the homozygous background of a low strain allele). From the experiments, we identified further QTLs and an additive-by-additive interaction.
Materials and methods

(i) Drosophila strains
Six inbred and three isofemale strains of D. simulans and four inbred strains of D. mauritiana were used to study variation in the number of sex-comb teeth (Takano, 1998; Takano-Shimizu, 2000) . The D. simulans inbred strains were : A1 (Australia), Sim-3 (Raleigh, North Carolina), Sim-5 (Brazzaville, Congo), Sim-11 (Ethiopia), Tananarive (Madagascar) and Shira-2 (Kofu, Japan). D. simulans isofemale strains were : SAvo-15 (Madagascar) and Sey-4 (Seychelles) provided by S. I. Chigusa, and Sim-12 (Madagascar). D. mauritiana inbred strains were : g76, 75, Robertson and Les Galets.
For subsequent QTL mapping experiments, we used two inbred strains of D. simulans -Sim-3 (Raleigh, North Carolina) and Tananarive (Madagascar) -which were established by sib mating for 20 generations (Takano-Shimizu, 2000) . We performed four (Sim-3) and two (Tananarive) further generations of single-pair matings for homozygosity tests. Homozygosity at all 27 marker loci (Table 1) was confirmed by genotyping both female and male parental flies of the single-pair matings.
(ii) DNA markers
We examined, in total, 27 markers, of which five molecular markers were located on the X chromosome, 10 on the second chromosome and 12 on the third chromosome (Table 1) . We used four PCR-based genotyping methods : single-strand conformation polymorphism (PCR-SSCP ; Orita et al., 1989 ; Takano-Shimizu, 1999) , length polymorphism, allelespecific oligonucleotide (ASO) hybridization assay (modified from Maekawa et al., 1995 and Saiki et al., 1986) and restriction fragment length polymorphism (PCR-RFLP). PCR reactions were carried out with 32 cycles, each cycle comprising 30 s at 94 xC, 30 s at 60 xC or 55 xC, and 30 s at 72 xC. Annealing temperatures and Mg 2+ concentrations specific to each primer pair and wash temperature in the ASO assay are provided in Table 1 .
(iii) Sex-comb tooth number score of inbred and isofemale strains of D. simulans and D. mauritiana Two vials were set up for the study of the number of sex-comb teeth for each of the nine D. simulans strains, and one vial for each of the four D. mauritiana strains. The vials each contained three to five females and three to five males. Five males were collected from each vial and counted for the number of sexcomb teeth on both legs, except for five vials (two or three males per vial). We did not detect a significant vial effect for the simulans strains. Among-strain and between-species variation was studied by two-level mixed model nested analysis of variance after pooling the data from two vials for the simulans strains. We tested between-locality differences by using strain means as replicates.
(iv) Sex-comb tooth number score of Sim-3, Tananarive and F 1 flies Sex-comb tooth numbers were counted again for the Sim-3 and Tananarive strains and for the F 1 progeny in both directions. Five vials each were set up for crosses of Sim-3rSim-3, TananariverTananarive, Sim-3 femalesrTananarive males and Tananarive femalesrSim-3 males, in which each vial contained five females and five males. One vial of crosses of Sim-3 females with Tananarive males did not produce any progeny. Ten male progeny were collected from each vial, and the numbers of sex-comb teeth on both forelegs were pooled and analysed.
(v) Five mapping populations
We established five different mapping populations with the two strains Sim-3 and Tananarive. For the whole-genome F 2 mapping population, we first made crosses between Sim-3 and Tananarive in both directions (i.e., Sim-3 femalesrTananarive males=S*T and Tananarive femalesrSim-3 males=T*S) and then made 50 crosses of five F 1 males and five F 1 females (12 crosses of females from S*Trmales from S*T ; 13 crosses of S*T femalesrT*S males; 13 crosses of T*S femalesrS*T males ; 12 crosses of T*S femalesrT*S males). We randomly selected four F 2 male progeny from each cross for genetic analysis for a total of 200 F 2 males. The analysis of the whole-genome F 2 mapping population uncovered multiple sex-comb QTLs on both the second and third chromosomes. Genetic dissection of the variation in a completely homozygous background reduces the genetic complexity and increases the precision of phenotyping for each genotype. For this purpose, we made two secondchromosome and two third-chromosome mapping populations in homozygous backgrounds as follows.
The second-chromosome F 2 mapping population in the Sim-3 background (IIs mapping population) was generated by the following procedure (Fig. 1 a) . F 1 males of Sim-3rTananarive crosses were backcrossed to Sim-3 females. Each F 2 offspring possessed one of the four possible second-and thirdchromosome combinations (S/T ; S/T, S/T ; S/S, S/S ; S/T and S/S ; S/S). Forty F 2 males were then backcrossed individually to Sim-3 females. A few days later, we extracted genomic DNA from the males and determined the genotypes for prd on the second chromosome and Ald on the third chromosome. Four of the 40 F 2 males were hemizygous for the Sim-3 X chromosome, heterozygous for the second chromosome, and homozygous for the Sim-3 third chromosome (S/Y ; S/T ; S/S). Only these four crosses were kept for the subsequent crosses and all the others were discarded. Fifty one-pair matings between F 3 progeny from these four crosses were made, and the chromosome constitutions of the parental flies were individually examined in the same manner. We obtained 20 G 3 crosses of S/S ; S/T ; S/SrS/Y ; S/T ; S/S, and the male offspring were examined for sexcomb tooth number and marker genotypes. Similarly, we made 29 G 3 crosses of T/T ; S/T ; T/TrT/Y ; S/T ; T/T to produce the second-chromosome F 2 mapping population in the Tananarive background (IIt mapping population). The total sample size was 212 for the IIs mapping population (2-12 males from each of 20 crosses) and 194 for the IIt population (4-7 males from each of 29 crosses).
Two third-chromosome congenic strains were made in the Sim-3 background (IIIs-1 and IIIs-2) as shown in Fig. 1 b. We repeated the following selectionand-backcross procedure six times : select males with high sex-comb tooth number, backcross to Sim-3 females, and perform mass mating of offspring to produce homozygotes. This was followed immediately by three or five generations of sib mating (a single female or two femalesra single male cross) to make congenic strains. During this process, we identified two significant QTLs on the third chromosome (one between Antp and ninaE and the other between 
.
hb and Ef1a100E) from a survey of the wholegenome F 2 mapping population, and therefore we concentrated on the construction of the following two congenic strains. The IIIs-1 congenic strain carried Sim-3 alleles at all marker loci studied except Antp and ninaE, which were from Tananarive. The IIIs-2 congenic strain carried Tananarive alleles only at hb, Ald, Mlc1, janA and Ef1a100E. For each of the congenic strains, we set up 20 vials simultaneously, each containing five female and five male F 1 progeny of the congenic strains with Sim-3. Ten male progeny per vial were studied for sex-comb tooth number and genotypes of specific third-chromosome markers, except for one vial of the IIIs-2 (two males). The total sample size was 200 for the IIIs-1 congenicstrain mapping population and 192 for the IIIs-2 population.
(vi) Construction of genetic maps of D. simulans chromosomes
We calculated crossover frequencies in all pairwise combinations of two markers from the 5 Xchromosome, 10 second-chromosome and 12 thirdchromosome markers in the whole-genome F 2 mapping population. Map distances were calculated with the map function described in Foss et al. (1993 ;  with m=4), which accounted very well for the pattern of interference on the X chromosome of D. melanogaster. The resulting map was used for all subsequent analyses.
(vii) QTL mapping
The numbers of sex-comb teeth on both forelegs were pooled and used in all mapping analyses. We applied two types of QTL mapping analyses: composite interval mapping (CIM) and multiple interval mapping (MIM) analyses. First, QTLs were identified by CIM (Zeng, 1994) . We used the Windows QTL Cartographer program (v2.0; Wang et al., 2004) to calculate the likelihood ratio (LR) for hypothesis testing under Model 6 of Zmapqtl (with a window size of 10 cM as default value ; Basten et al., 2002) . Different window sizes (1 cM, 5 cM and 15 cM) did not affect the number of QTLs. For the two autosomes, the LR statistic was x2ln(L 0 /L 3 ), where L 0 is the maximum likelihood under the null hypothesis (H 0 ) of a (additive effect of putative QTL)=0 and d (its dominance effect)=0, and L 3 is the maximum likelihood under the alternative hypothesis (H 3 ) of al0 and dl0. For the X chromosome, the LR statistic was x2ln(L 0 /L 1 ) where L 1 is the maximum likelihood under the null hypothesis (H 1 ) of al0 and d=0. Using the program implemented in QTL Cartographer (v2.0 ; Wang et al., 2004) , we estimated experiment-wise significance levels (a=0 . 05) for QTL detection from 1000 permutations in which the phenotypic data were shuffled against genotypic data (Churchill & Doerge, 1994) . For the IIIs-1 and IIIs-2 mapping populations, we used the critical value estimated from the whole-genome F 2 mapping population because the numbers of markers in IIIs-1 and IIIs-2 were too few to calculate practical critical values with the randomization procedure. In fact, the critical value used (13 . 0) was larger than that estimated from the permutation tests of IIIs-1 and IIIs-2 data (6 . 4 and 7 . 9, respectively), implying that our tests are conservative. To estimate the confidence intervals for the QTL positions, we calculated the 2LOD support interval of each QTL position as in Lander & Botstein (1989) .
We also performed a MIM analysis (Kao et al., 1999) using the MImapqtl in QTL Cartographer v2.0 (Wang et al., 2004) . This evaluates both the main effects and epistatic interactions between QTLs (Zeng et al., 2000) . We used two information criteria (ln(n) and 2ln(ln(n)), where ln indicates the natural logarithm function and n is the sample size) as the threshold for adding or deleting parameters. The MIM analysis was applied to the entire genome, IIs and IIt F 2 mapping populations.
Epistatic interactions between QTLs were also studied by analysis of variance (ANOVA) based on the following model :
where Y ijk is the phenotypic value of the kth individual carrying ith genotype at the first locus (i=1, 2, 3) and jth genotype at the second locus (j=1, 2, 3), m is the overall mean, a i and b j the main effects of ith and jth loci, respectively, (ab) ij the interaction effect and e k(ij) the residual. Table 2 , and show a highly significant among-strain difference in the tooth number (F= 27 . 8, d.f.=[11, 85] , P<0 . 001). As noted previously (Coyne, 1985; True et al., 1997) , the number of sexcomb teeth was larger in D. mauritiana than in D. simulans (F=5 . 7, d.f.=[1, 11], P<0 . 05). The four simulans strains originating from Madagascar and Seychelles (SAvo-15, Sim-12, Tananarive and Sey-4) had significantly larger sex-comb tooth number (mean 23 . 5) than the other simulans strains (mean 19 . 8; t=3 . 6, P<0 . 01).
Results
(ii) Sex-comb tooth number of parental strains and F 1 flies
We used Tananarive and Sim-3 strains for the QTL mapping experiments. Tananarive was a strain with a high sex-comb tooth number (mean¡standard error of mean from 50 fly data=24 . 7¡0 . 2, which was slightly different from the mean from the first survey data in Table 2 ; see Section 2), while Sim-3 was a low number strain (18 . 5¡0 . 2). The difference between the two means was highly significant (t=21 . 6, P<0 . 001), and the overlap in distributions was very small (Fig. 2) . Because of the high homozygosity of the parental inbred strains, the variances within strains were largely attributable to environmental variances and those did not differ significantly between the two parental strains (1 . 72 in Sim-3 and 2 . 43 in Tananarive ; F s =1 . 4, d.f.=[49, 49], P>0 . 1). The strain difference divided by the square root of the mean of the variances within strains was 4 . 3 (strain difference in environmental standard deviation units ; True et al., 1997) .
The mean (¡SEM) sex-comb tooth number of F 1 progeny from crosses of Tananarive females and Sim-3 males was 22 . 2¡0 . 2 and that of F 1 progeny from the reciprocal crosses was 21 . 9¡0 . 2 (Fig. 2) . The difference between these two means was not statistically significant, and the latter mean was not significantly different from the mid-parent value (21 . 6¡ 0 . 1). However, the mean sex-comb tooth number of the F 1 progeny from the cross of Tananarive females with Sim-3 males was significantly larger than that of the mid-parent even after the correction for multiple tests (t=2 . 9, P<0 . 01), suggesting either an X-chromosomal or a maternal effect.
(iii) Whole-genome QTL mapping
With the CIM analysis on the whole-genome F 2 mapping population, we detected two secondchromosome and three third-chromosome QTLs: one between Ddc and eve, one between sli and Pcl, one between Antp and ninaE, one between hb and Ald and one between Mlc1 and janA (Table 3 ; Fig. 3 ). The QTL between Ddc and eve showed a highly overdominant effect (Table 3) . Unlike the other QTLs identified in the whole-genome F 2 mapping population, the QTL between sli and Pcl showed a negative additive effect, indicating the Tananarive allele reduced the number of sex-comb teeth (Table 3) . No significant QTL was detected on the X chromosome (Fig. 3) . With the MIM analysis under the information criterion of 2log(log(n)), we confirmed four of the five QTLs detected by CIM (Fig. 3 ) (Ddc-eve and sli-Pcl on the second chromosome and Antp-ninaE and hb-Ald on the third chromosome), although the estimated positions of the two second-chromosome QTLs were slightly different (1 cM or less) from those by CIM (eve-vg in MIM instead of Ddc-eve, and vg-sli instead of sli-Pcl ; see Table 3 ). Their estimated QTL effects in MIM were similar to those in CIM (Table 3) . Even under the higher threshold, that is the criterion of log(n), MIM detected three QTLs (vg-sli, AntpninaE and hb-Ald ; data not shown).
(iv) Second-chromosome QTL mapping in homozygous backgrounds
We further analysed second-chromosome QTLs in two homozygous backgrounds. By applying CIM to the IIs F 2 mapping populations (Sim-3 background), only one QTL was found in the prd-Ddc region, and the LR test was only marginally significant (Fig. 4 a) . In contrast, in the IIt F 2 mapping populations (Tananarive background), we found four QTLs: one between Pgk and ninaC, one between prd and Ddc, one between eve and vg, and one between vg and sli (Fig. 4b) . The additive effect of the Pgk-ninaC QTL was negative, whereas the additive effects of the other three QTLs were positive (Table 3) .
By MIM under the information criterion of 2 log(log(n)), we found no QTL in IIs, but three QTLs (Pgk-ninaC, prd-Ddc and vg-sli) in IIt (Table 3 ; Fig.  4 c) . When the critical value of CIM was adopted, one QTL (Pgk-ninaC) was still significant in IIt (Fig. 4 c) .
Based on the 2LOD support intervals, the prd-Ddc QTL detected in IIt may be identical to the prd-Ddc QTL in IIs, and the eve-vg and vg-sli QTLs in IIt may be identical to the Ddc-eve and sli-Pcl QTLs in the whole-genome F 2 , respectively. However, the intervals of Pgk-ninaC QTL in IIt did not overlap with any other QTL intervals, suggesting that this QTL had background-dependent effects (Table 3) .
(v) Third-chromosome QTL mapping in homozygous background
We introgressed two segments (Antp-ninaE and hbEf1a100E) of the high tooth number strain (Tananarive) into the genetic background of the low tooth number strain (Sim-3). By using these recombinant congenic strains (IIIs-1 and IIIs-2 ; see Fig. 3 ), we studied third-chromosome effects on the number of sex-comb teeth in a Sim-3 homozygous background. We confirmed the significant effects of both the Antp-ninaE and hb-Ef1a100E regions by CIM (Table 3) . Fig. 5 illustrates the mean number of sex-comb teeth for three genotypes at ninaE for IIIs-1 and at Ald for IIIs-2. The combined effect of the two introgressed regions (2 . 7+3 . 0) could explain most of the Tananarive/Sim-3 parental difference (6 . 2). However, because the QTL peaks in the CIM analysis were not very clear (data not shown), the exact number and positions of QTLs in the hb-Ef1a100E region could not be established in IIIs-2. As mentioned above, the CIM analysis on the whole-genome F 2 mapping population revealed the two QTLs in this region (hbAld and Mlc1-janA in Fig. 2 ). This might be because these two QTLs are very close (about 10 cM ; see Table 3 ) and because the sample size in the experiments (y200) was not large enough to identify multiple QTLs. (
vi) Epistatic interactions between QTLs
By MIM, we found a dominance-by-dominance interaction between the vg-sli and hb-Ald QTLs in the whole-genome F 2 mapping population (LR=6 . 7; Table 3 ). In Fig. 6a , the phenotypic values are plotted according to the genotypes of the markers close to those QTLs (sli and hb), in which hb was chosen instead of Ald because of an insufficient number of flies that were doubly homozygous for T allele at sli and Ald. We estimated the dominance effects for the three sli genotypes separately by {T/S -(T/T+S/S)/2}, where T/S, T/T and S/S are the mean tooth number for three hb genotypes. The estimates of dominance effect were 2 . 0¡0 . 4 for hb S/S, 0 . 1¡0 . 3 for hb S/T and 1 . 4¡0 . 5 for hb T/T. The two-way analysis of variance also showed a significant interaction between the two loci sli and hb (F=3 . 17, P<0 . 02). Furthermore, we found an additive-by-additive interaction between the Pgk-ninaC and vg-sli QTLs in IIt (LR=1 . 87 ; Table 3 ). The mean tooth numbers are graphically presented for the ninaC and sli genotypes in Fig. 6 b.
Discussion (i) Genetic architecture of intraspecific variation
Using two D. simulans inbred strains, we performed QTL mapping analyses examining male sex-comb tooth number and found, in total, four secondchromosome and three third-chromosome QTLs. Strikingly, the number of second-chromosome QTLs varied among the three mapping populations of different genetic backgrounds: two QTLs in the wholegenome F 2 mapping population, one in IIs and four in IIt. The prd-Ddc, eve-vg and vg-sli QTLs in IIt may match the prd-Ddc QTL in IIs and Ddc-eve (eve-vg by MIM) and sli-Pcl (vg-sli by MIM) QTLs in the whole-genome F 2 , respectively. However, the remaining Pgk-ninaC QTL in IIt was localized in a different interval. This discrepancy among the mapping For the whole-genome and second-chromosome mapping populations (IIs and IIt), we applied the CIM and MIM methods ; for the third-chromosome mapping populations (IIIs-1 and -2), we used only the CIM method. Units of effects are in tooth number. Positions and effects of QTLs detected by MIM are shown in parentheses. As indicated by * and #, MIM detected a dominance-by-dominance interaction between the vg-sli and hb-Ald QTLs (effect=x1 . 33) and an additive-by-additive interaction between the Pgk-ninaC and vg-sli QTLs (effect=x0 . 76). The penalty function used for QTL detection in MIM was c(n)=2ln(ln(n)), where n is the sample size. Even under a high stringent criterion, c(n)=ln(n), MIM identified three QTLs (vg-sli, Antp-ninaE and hb-Ald) and an epistasis between vg-sli and hb-Ald QTLs for the whole-genome F 2 mapping population and two QTLs (Pgk-ninaC and eve-vg, position=65 . 2, additive effect=0 . 88 and dominance effect=0 . 03) and an epistasis between Pgk-ninaC and eve-vg QTLs for the IIt mapping population. a 2LOD support interval for QTL position (see Lander & Botstein, 1989) . For the IIIt-1 and IIIt-2 populations, the support intervals covered over all the markers involved and thus were not shown here.
populations may simply reflects a low power of detection in each mapping population (Dilda & Mackay, 2002 ; Cornforth & Long, 2003) or be caused by some other factors. We discuss different causes of the discrepancy, especially a significance of epistasis, in the following. In the prd-Pcl region, we detected more QTLs in IIt than in the whole-genome F 2 mapping population (3 vs 2; Table 3 ). Nevertheless, we found only a single QTL with a marginally significant LR score in IIs. The failure of QTL detection in IIs may be attributable to false positives in the other mapping populations. However, since the QTL was identified in both the whole-genome F 2 and IIt mapping populations, the Ddc-Pcl region effect appears to be a true positive. On the other hand, IIs and IIt should have greater detection power than the whole-genome F 2 mapping population because of their common genetic background and almost equal sample size (B200 individuals). Hence, the low power of detection is not promising to explain the failure of QTL detection in IIs.
Another possibility is that a difference in marker cofactors fitted to control the genetic background in each analysis may explain the discrepancy in QTL detection among mapping populations (Dilda & Mackay, 2002) . However, this was not supported either by the consistent results of the CIM and MIM analyses in the whole-genome F 2 and IIt mapping populations, except for one QTL (Table 3) .
Although we could not rule out the above and other possibilities, an epistatic interaction between QTLs is a likely explanation for the failure of QTL detection in IIs. In fact, we detected significant epistatic interactions between QTLs in both the whole-genome F 2 and IIt mapping populations in the MIM analyses. These findings support the hypothesis that the effects of QTLs on the second chromosome depend on the genotypes of QTLs on the third chromosome.
The discrepancy in QTL mapping results lies not only in QTL identification but also in its estimated effect. A QTL was detected in the vg-Pcl region in both the whole-genome F 2 and IIt mapping populations and by both the CIM and MIM methods. However, their estimated additive effects differed greatly : the MIM estimates were x1 in the whole-genome F 2 mapping population, but 0 . 7 in IIt. In the wholegenome F 2 mapping population, the vg-sli QTL was involved in the epistatic interaction with the thirdchromosome hb-Ald QTL. This interaction, in turn, seems to explain the discrepancy in the estimated additive effect between the whole-genome F 2 and IIt mapping populations. In contrast to the second-chromosome QTLs, the regions of the three third-chromosome QTLs identified in the whole-genome F 2 also had significant effects in the Sim-3 background (IIIs-1 and -2). In addition to the locations, the estimated additive and dominance effects of these third-chromosome QTLs were very similar in the two genetic backgrounds ( Table 3 ), meaning that the genetic effects of the thirdchromosome QTLs are little affected by the genotypes of the second-chromosome QTLs. These results imply that the third-chromosome QTL(s) is epistatic to the second-chromosome QTL(s). From the epistatic relationships among QTLs, we might infer the order of gene action in the pathway with two kinds of information : the character of mutations (a loss of function or a gain of function) and the nature of the steps in the pathway (an obligatory sequence or a conditional one) (Wilkins, 1993) . Although both of them are unknown, under a conditional sequence model as often assumed in many developmental pathways, the third-chromosome QTL(s) might act nearer to the final output, namely downstream of the secondchromosome QTL(s).
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ii) Epistatic interactions between QTLs
Epistatic interactions of quantitative variations have been uncovered in studies of cultivated plants and their wild relatives (Doebley et al., 1995 ; Lark et al., 1995 ; Eshed & Zamir, 1996) , and in those of natural populations of Drosophila melanogaster (e.g., Shrimpton & Robertson, 1988 ; Long et al., 1995) . However, the prevalence of such interactions has not been fully recognized (Tanksley, 1993; Lynch & Walsh, 1998) . This is due to the relatively low power for detecting epistasis. With specialized populations, such as recombinant congenic strains and chromosomesubstitution strains, we can overcome this problem by reducing the genetic complexity and increasing the precision of phenotypic estimates for each genotype. For example, Fijneman et al. (1996) studied mouse lung tumours induced by N-ethyl-N-nitrosourea (ENU) treatment with recombinant congenic strains of two inbred mouse strains. They used a multiple-QTL-model mapping method and identified four interacting QTLs, where the main effects could not be determined due to partially counteracting interactions. Recently, Dilda & Mackay (2002) used six populations of recombinant isogenic strains to dissect genetically the intraspecific variation in bristle number in Drosophila and found many epistatic interactions. As described in the previous section, the present analysis provided evidence for epistasis in the male sex-comb tooth number. Interspecific backcross analyses in both directions also reveal backgrounddependent QTL effects to some degree in this trait (True et al., 1997; Macdonald & Goldstein, 1999) , but only one generation of backcrossing with typical sample sizes is not likely to be sufficient to uncover epistasis. Given the prevalence of epistasis in intraand interspecific variation, the evolution of this trait should be understood in a multiple-locus context. Epistasis may, in turn, be useful for reconstructing the evolutionary history. If inflated phenotypic variability induced by epistasis contradicts the conservative nature of phenotypic evolution, we may be able to infer the order of changes during evolution, in which atypical phenotypes do not appear at any time.
(iii) Comparison of intra-and interspecific variation
The present results facilitate comparisons of the genetic architecture for intra-and interspecific variation for sex-comb tooth number. True et al. (1997) identified two third-chromosome QTLs responsible for the difference in sex-comb tooth number between D. simulans and D. mauritiana. One of these QTLs is found near Antp, and the other is located between Ald and janA. We identified QTLs in both regions. Because the only other QTL identified on the third chromosome is also close to Ald, the same genes may be responsible for both the variation within D. simulans and the observed differences between D. simulans and D. mauritiana.
All three third-chromosome QTLs identified in this study had large estimated additive effects (Table 3) . Large effects of two regions (Antp-ninaE and hb-Ef1a 100E) were confirmed using congenic strains (Fig. 5) . The homozygous effects of the QTLs identified in IIIs-1 (2 times the estimated additive effects=2 . 7 ; see Table 3 ) and IIIs-2 (3 . 0) could explain 44 % and 48%, respectively, of the difference between parental strains. In the interspecific analyses (True et al., 1997) , the QTL near Antp also had a large additive effect (54 % the simulans-mauritiana difference). A backcross analysis of D. simulans and D. sechellia led to the identification of one X and three secondchromosome QTLs (Macdonald & Goldstein, 1999) , and the intervals of these second-chromosome QTLs overlapped those of the QTLs found in the present study. In this case, however, the coincidences of the QTL regions do not necessarily imply that the same genes are responsible for the intra-and interspecific variations, since the support intervals for the QTLs identified in this study cover large genomic regions (approximately 60 % of the entire second chromosome). Macdonald & Goldstein (1999) also found one third-chromosome QTL in their reanalysis after factoring out variation in body size (more exactly, tibia length); however, we did not detect a QTL at this position.
In summary, the third chromosomal QTLs identified in this study were concordant with the locations of the QTLs responsible for the previously observed differences in sex-comb tooth number between D. simulans and D. mauritiana (True et al., 1997) . Nuzhdin & Reiwitch (2000) have found a QTL responsible for the difference between two strains of D. melanogaster on the X chromosomal region, in which another interspecific QTL has been suggested by a multiple regression analysis (but not by a CIM analysis ; True et al., 1997) . However, whether the same genes are responsible for both intra-and interspecific variation remains unsolved in both cases. Furthermore, even if the same genes are involved, it is not clear whether the interspecific divergence is due to 'old ' polymorphism within the ancestral population or to new mutations in the same gene. More work, including high-resolution mapping, is needed to resolve these questions.
(iv) Candidate genes
The present QTL mapping results of sex-comb tooth number variation are summarized in Table 4 with candidate genes for these QTLs identified via a search of FlyBase (FlyBase Consortium, 2003) . The list of candidate genes includes sex determination genes (dsx, tra, tra2, her), selector genes (en) including the homeotic genes in the Antennapedia complex (Antp, Scr), and transcriptional regulators, in particular regulators for the homeotic genes (Pc, Pcl, trx).
Because of the consistent and large effects in different mapping populations, we focus on the thirdchromosome QTLs and discuss their candidate genes. Sex comb reduced (Scr ; 84A5) is a member of the Hox family of genes and a candidate for the Antp-ninaE QTL, which may be responsible for both the intraand interspecific variation in number of sex-comb teeth. In fact, decreased SCR activity results in a reduction in the number or almost complete absence of sex-comb teeth (Lewis et al., 1980) . This phenotype is generally interpreted to be a homeotic transformation of the first to the second thoracic identity. In this sense, it is of great interest to examine whether Scr contributes quantitatively to the variation in sexcomb tooth number without a segment identity transformation. The candidates also include the Polycomb and trithorax group protein genes such as brahma (brm, 72C1), Su(z) (76D4), Polycomb (Pc ; 78C6-7), Note that a large inversion (84F ; 93F) is fixed between D. melanogaster and three species of the simulans clade (simulans, mauritiana and sechellia). Brackets indicate that the genes are very close to, though not within, the predicted interval.
Sex comb on midleg (Scm, 85E2), trithorax (trx ; 88B1), moira (mor ; 89A11) and absent, small, or homeotic discs 2 (ash2 ; 96A13), which are known to maintain spatial expression patterns of Hox genes. On the other hand, mutants of punt (put ; 88C9) and Delta (Dl ; 92A1-2) manifest duplication or multiplication of the sex comb, which could be a patterning defect or a partial transformation of leg segments (Simin et al., 1998 ; Mishra et al., 2001) . There is no evidence for a common genetic basis underlying both sex-comb tooth number and sex-comb number variation found in the melanogaster species group (Schawaroch, 2002; Kopp & True, 2002) . This is an intriguing possibility worthy of further investigation.
The lack of sex-comb-specific markers has made analysis of sex-comb development itself difficult. Studies of natural variants and their interactions can complement mutation analyses and may improve our understanding of the formation of a morphological structure.
